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The effects of endurance training on the diastolic prop-
erties of the left ventricle were examined by comparing
left ventricular filling rates in 11 male distance runners
and 12 age-matched nonathletic control subjects selected
to have nearly similar heart rates at rest. Maximal ox-
ygen consumption was 69 ± 11 mllkg.min for the ath-
letes and 48 ± 8 ml/kg-min for the control subjects
(p < 0.001). Left ventricular end-diastolic dimension,
posterior wall thickness and mass were determined by
echocardiography, and average left ventricular filling
rate wasdetermined witha nonimagingscintillationprobe.
Electrocardiographic voltage was significantly greater
in the athlete group than in the control group (sums of
the voltages of the S wave in lead VI and the R wave in
lead Vs were 40 ± 10 and 26 ± 7 mY, respectively)
Myocardial hypertrophy is an adaptive mechanism that de-
velops in response to increased hemodynamic loading of
the heart (I). Abnormalities in left ventricular compliance
and diastolic filling have been described in patients with
variou s forms of primary and secondary hypertrophy, and
these properties have been found to become abnormal before
systolic function is impaired (2-4) . Slowing of ventricular
filling. therefore , may represent an early marker of heart
disease . Unlike the hypertrophy caused by pathologi c over-
loading of the heart , the hypertrophy caused by endurance
training is associated with normal or increased contractility
(5,6) and adapti ve morphologic and biochemical change s
(7-11) . Because little is known about filling characteristics
of the left ventricle in exerci se-induced hypertrophy in hu-
man beings (12,13), we studied filling rates with a com-
puterized nuclear probe in a group of endurance-trained
athlete s. Left ventricular filling rate in exercise-induced hy-
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(p < 0.001), whereas ejection fraction was similar in the
two groups. Despite a modest degree of left ventricular
hypertrophy in the athlete group compared with the
control group (left ventricular mass index 127 ± 30 and
82 ± 13 g/m", respectively) (p < 0.001), the average left
ventricular filling rate was similar in the two groups
(2.53 ± 0.34 versus 2.38 ± 0.29 end-diastolic counts/s,
p = NS). There was no trend for the athletes with a
higher left ventricular mass to exhibit a slower filling
rate . These findings demonstrate that unlike pathologic
hypertrophy associated with chronic hemodynamic over-
loading, physiologic left ventricular hypertrophy is not
accompanied by slowed left ventricular diastolic filling.
(J Am Coli CardioI1985;5:862-8)
pertrophy is of particular interest in light of the recent finding
that impaired filling occurs early in patients with hyperten-
sion-induced hypertrophy (14.15) and is a frequent finding
in patients with hypertrophic cardiomyopathy (16).
Methods
Subject selection. Long distance runners. Eleven
endurance-trained male athlete s 22 to 40 years of age were
recruited from the Hartford Track Club and community to
partic ipate in this study. The athlete s had engaged in long
distance running for at least 2 years and averaged 40 or
more miles/week. Each had finished at least one marathon
and had been running 6.4 :!: 3.2 years (mean zt SD) with
a weekly distance of 56 :!: 13 miles. None demonstrated
any historical or clinical evidence of heart disease .
Control subjects . Twelve age-matched male nonathletes
were recru ited as control subjects . These subjects had never
participated in competitive aerobic training and were ex-
ercising less than 2 hours/week . Subjects with a heart rate
of 65 or fewer beats/min while seated at rest were chosen
so that their heart rate would match as closely as possible
0735-1097/851$3 .30
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that of the athletes. With the exception of one subject who
had several episodes of palpitation during severe exercise
(later documented as supraventricular tachycardia), none
had a history of heart disease as assessed by clinical, electro-
cardiographic or echocardiographic variables.
All subjects gave informed written consent. The insti-
tutional human research review committees of both the Uni-
versity of Connecticut Health Center and Mount Sinai Hos-
pital approved the experimental protocol in January 1984.
Echocardiography. M-mode echocardiograms were
obtained in all subjects by a single experienced technician
using a 2.25 MHz transducer interfaced to a Hoffrel system
514 echocardiograph. Using the Penn convention (17), pos-
terior wall thickness, interventricular septal thickness and
left ventricular internal dimension in diastole were deter-
mined and averaged over several cardiac cycles. To mini-
mize the variability in echocardiographic measurements,
echocardiograms were coded and read on two separate oc-
casions by one of us (A.R.) without knowledge of subject
identity. The two values were then averaged. Left ventric-
ular mass was calculated by the method of Devereux and
Reichek (17).
Maximal oxygen consumption. All subjects underwent
cardiopulmonary stress testing on a treadmill. The protocol
for athletes involved a 5 minute warmup at a 0° grade at 6
mph, followed by 2° increases in grade each minute at a
constant speed of 8 mph until exhaustion. Control subjects
were tested by the Bruce protocol (18). Oxygen consump-
tion was determined using a model MGA 1100 Perkin-Elmer
mass spectrometer for analysis of oxygen fractions of in-
spired and expired air and a Hans Rudolph pneumotacho-
graph for gas volume measurement, interfaced with a Te-
lemed computer for data analysis. Oxygen consumption was
determined on a breath by breath basis continuously during
the stages of exercise. Subjects were exercised to exhaus-
tion, and the highest value was taken as maximal oxygen
consumption.
Radionuclide studies. Each subject's red blood cells
were labeled with 20 to 30 mCi technetium-99m after a
standard injection of stannous pyrophosphate. The left ven-
tricle and its background were selected as the region of
Table 1. Subject Characteristics
interest according to an algorithm described by Berger et
al. (19). All studies were performed by experienced tech-
nicians using a computerized nuclear probe (Nuclear Steth-
oscope, Bios, Inc.). Ejection fraction was determined by
the system's own microprocessor after cursors were placed
on the time-activity curve at positions corresponding to end-
diastole and end-systole. Average left ventricular rapid fill-
ing rates were determined as described by Smith et al. (15).
Results are the average of three measurements in which the
region of interest and background were determined separately.
Other measurements. A modified 12 lead electrocar-
diogram and blood pressure reading were obtained with
subjects in the standing position, and the sum of the voltages
of the S wave in lead V I (SV I) and the R wave in lead V5
(RV5) was calculated. In patients with an RSR' pattern in
lead VI, the voltage of SV2 was added to RV5 . Heart rate
was calculated from the average RR interval taken from a
several minute interval during the radionuclide studies.
Statistical analysis. The Student's t test was used in
analyzing the differences between the mean values of the
athlete and the control groups. Sample correlation coeffi-
cients were calculated as a measure of the strength of as-
sociation between variables.
Results
Subject characteristics. The average age and mean sys-
tolic blood pressure were similar for each group (Table I).
The mean heart rate at rest of the athlete group (49 ± 7
beats/min) was significantly slower than that of the control
group (59 ± 8 beats/min, p < 0.(05). The mean sum of
the electrocardiographic voltage of SV 1 and RV5 was sig-
nificantly greater in the athlete group than in the control
group, and mean maximal oxygen consumption (ml oxy-
gen/kg-rnin) was 44% greater in the athlete group compared
with the control group (p < 0.0001). Neither the athletes
nor the control subjects had ischemic electrocardiographic
responses during stress testing.
Echocardiographic measurements. Mean left ventric-
ular end-diastolic dimensions were similar in both groups,
although when indexed to body surface area, these were
Age (yr)
Heart rate (beats/min)
Systolic blood pressure (mm Hg)
Body surface area (rrr')
ECG voltage, S wave in lead VI + R wave in lead V, (mV)
Maximal oxygen consumption (ml/kg-rnin)
Athletes
(n = I I)
31 ± 6
49 ± 7
130 ± 13
1.84 ± 0.16
40 ± 10
69 ± II
Control
Subjects
(n = 12)
30 ± 4*
59 ± 8t
124 ± 10'
2.00 ± O.llt
26 ± 7+
48 ± 8+
All values are expressed as the mean ± I standard deviation. 'Not significant; tp < 0.01; +p < 0.001.
ECG = electrocardiographic.
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LVEDD (ern)
LVEDD index (cm/m")
Posterior wall thickness (em)
Posterior wall thickness index (cm/rrr')
Left ventricular mass (g)
Left ventricular mass index (g/rrr')
LVEF(%)
LVFR.v (EDCls)
Athletes
(n = II)
5.33 ± 0.33
2.91 ± 0.24
0.99 ± 0.15
0.54 ± 0.10
232 ± 52
127 ± 30
63 ± 5
2.53 ± 0.34
Control
Subjects
(n = 12)
5.28 ± 0.37*
2.65 ± 0.26t
0.76 ± 0.13+
0.38 ± 0.05+
163 ± 28+
82 ± 13+
60 ± 4*
2.38 ± 0.29*
All values are expressed as the mean ± I standard deviation. *Not significant; tp < 0.05; :j:p < 0.001.
EDC = end-diastolic counts; LVEDD = left ventricular end-diastolic dimension; LVEF = left ventricular
ejection fraction; LVFRav = average left ventricular filling rate.
significantly greater in the athlete group (Table 2). Left
ventricular posterior wall thickness and left ventricular mass
and their corresponding indexes were also greater in the
athlete group than in the control group. Mean left ventricular
mass was 43% greater in the athlete group than in the control
group, whereas mean indexed left ventricular mass was 56%
greater in the athlete group (Fig. 1). These differences were
highly significant.
Left ventricular ejection fraction. The mean left ven-
tricular ejection fraction measured by the computerized nu-
clear probe was not significantly different in the athlete
group compared with the control group (63 ± 5 versus 60
± 4%, P = NS) (Table 2).
Left ventricular filling rate. Despite the significant in-
crease in left ventricular mass in the athlete group, the
average left ventricular filling rate was similar in the two
groups (Fig. 2, Table 2). The examples of time versus
Figure 1. Individual values, mean values and standard deviations
of the left ventricular mass index (LVMI) for the control and athlete
groups.
200
activity (volume) curves generated by the computerized nu-
clear probe in a control subject and an athlete in Figure 3
illustrate comparable diastolic filling patterns.
For the group as a whole, there was a modest but sig-
nificant correlation (r = 0.51, P < 0.01) between ejection
fraction at rest and average filling rate (Fig. 4).
Left ventricular filling rate versus left ventricular mass
index. There was no tendency for the average filling rate
to be decreased in athletes with a greater left ventricular
mass index (Fig. 5). The correlation between left ventricular
mass and average filling rate was slightly although not sta-
tistically significantly positive (r = 0.23).
Discussion
This study examined left ventricular filling rate in athletes
with exercise-induced hypertrophy and compared the mean
Figure 2. Individual values, mean values and standard deviations
of the average left ventricular filling rates (LVFRA V ) , expressed
as end-diastolic counts per second (EDCls), during the rapid filling
phase of diastole for the control and athlete groups.
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Figure 4. Relation betweenejection fraction and average left ven-
tricular filling rates (LVFRAv), expressed as end-diastolic counts
per second (EDCls), during the rapid filling phase of diastole for
all subjects. (0) = control group; (e) = athletes.
stiffness and myocardial ischemia (22,23). In the present
study, mean age, systolic blood pressure at rest, left ven-
tricular internal dimension and ejection fraction were similar
in the athlete and control groups, and no athlete demon-
strated ischemia during maximal exercise testing. Previous
studies (24) have shown that left ventricular filling pressures
and cardiac output at rest are similar for endurance-training
athletes and nonathletes. We found that mean left ventricular
filling rate was similar in athletes and control subjects, de-
spite a lower mean heart rate in the athlete group. However,
the lower heart rates in the athletes would have been ex-
pected to be associated with reduced filling rates (16). Thus,
the major known determinants of left ventricular filling,
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echocardiographic mass with the average filling rate. The
athlete group, whose maximal oxygen consumption was
44% more than that of the age-matched nonathlete control
group, had a 43% greater left ventricular mass than the
control group. This degree of physiologic left ventricular
hypertrophy was not accompanied by a detectable impair-
ment of left ventricular filling, and there was no trend for
those athletes with the greatest increase in left ventricular
mass to exhibit a filling abnormality. Thus, left ventricular
filling in exercise-induced hypertrophy appears to be nor-
mal, a finding that is in marked contrast to the response of
hypertension-induced hypertrophy with a similar increase
in left ventricular mass (14,15). The present findings, there-
fore, demonstrate that exercise-induced hypertrophy in hu-
man beings is functionally distinct from that caused by chronic
systolic overload.
Determinants of left ventricular filling. Diastolic func-
tion represents an interaction of multiple factors including
those that govern isovolumic relaxation, compliance and
filling (20). Left ventricular filling, which depends in part
on loading conditions of the left ventricle and on events
leading to inactivation of contraction (21), has been shown
to be influenced by left ventricular geometry, wall thickness,
systolic function, heart rate, age, systolic blood pressure,
left ventricular filling pressure, chamber and myocardial
Figure 3. Radionuclide left ventricular volume time-activity curves
generated by the computerized nuclear probe for a representative
control subject (A) and athlete (B). Significant derived values
providedby the instrument computerincludeejectionfraction (EF)
(%), filling rate (FR) (end-diastolic counts/s) and heart rate (HR)
(beats/min). Data are derived from the curves on the left, which
represent the most uniform RR intervals of the collection. EDV
= end-diastolic volume; RCO = relative cardiac output; SV =
stroke volume. The three vertical lines represent TI, T2 and T3
(time position of cursors) during the cardiac cycle. See Methods
section.
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Figure S. Relation between left ventricular mass index (LVMI)
and average left ventricular filling rates (LVFRA V) , expressed as
end-diastolic counts per second (EDC/s), for all subjects. (0) =
control group: (e) = athletes. NS = not significant.
other than geometry and intrinsic myocardial relaxation
properties, would have caused either no difference or a
decreased filling rate in the athlete group.
Diastolic ventricular function in exercise-induced hy-
pertrophy. Few data have been reported concerning dia-
stolic properties in exercise-induced hypertrophy in human
beings. Underwood and Schwade (25) showed isovolumic
relaxation time to be prolonged in athletes as compared with
control subjects, but this difference was attributed to the
lower heart rate seen in the athletes, which presumably
resulted in lower left atrial pressure, rather than to an in-
trinsic myocardial abnormality. Shapiro and Smith (12) studied
the effects of 6 weeks of exercise training on left ventricular
structure and diastolic properties and reported a 30% in-
crease in posterior wall thickness without any detectable
changes in relaxation or diastolic function as determined by
digitized echocardiography. In contrast, impaired diastolic
function has been described in patients with both primary
and secondary hypertrophy. Hanrath et al. (4) showed that
patients with hypertrophic cardiomyopathy and chronic left
ventricular overload had significantly prolonged echocar-
diographically determined relaxation time indexes. Bonow
et al. 06,26), using radionuclide methods, also found that
peak filling rates and time to peak filling were often ab-
normal in patients with hypertrophic cardiomyopathy. It has
been suggested that abnormal diastolic function in the hy-
pertrophied left ventricle is more closely associated with the
degree of interstitial fibrosis (27), myocardial fiber diameter
(5,28) or wall thickness (2) than with the type of overload.
Subendocardial ischemia, often present in pathologic forms
of hypertrophy, has also been implicated in the origin of
impaired left ventricular relaxation (29,30).
Cardiovascular effects of endurance exercise. The
hemodynamic burden in long distance runners is one of
intermittent combined volume and pressure overload. Dur-
ing exercise, endurance-trained athletes were found to have
a fourfold increase in cardiac output, a 20% increase in
mean arterial pressure and a 70% increase in supine left
ventricular filling pressure (24). Several recent echocardio-
graphic studies (25,31-39) demonstrated an approximate
20% increase in left ventricular posterior wall thickness and
an average 13% increase in left ventricular end-diastolic
dimension in long distance runners compared with control
subjects. Our nonathlete control subjects had larger end-
diastolic internal dimensions than the control subjects in ear-
lier studies, because they were selected for a relatively low
heart rate that would match as closely as possible the heart
rate of the athletes. Because our control subjects presumably
had a normal cardiac output, our criteria of a low heart rate
would have selected for relatively large left ventricular in-
ternal dimensions. Our athlete group had substantially greater
left ventricular mass and posterior wall thickness, but similar
(slightly increased when indexed) left ventricular end-dia-
stolic internal dimensions compared with values in the con-
trol subjects. Despite the significant degree of left ventric-
ular hypertrophy in the athletes, their filling rates were similar
to those of the control subjects. Indeed, there was a slight
but insignificant trend for average filling rates to be higher
in the athletes with a greater left ventricular mass index
(Fig. 5). In a similar group of athletes, Matsuda et al. (3)
found that echocardiographically determined left ventricular
early diastolic filling was enhanced during exercise. These
findings demonstrate that increased left ventricular mass
itself is not invariably associated with impaired diastolic
performance,
Characteristics of exercise-induced hypertrophy.
Although the difference in response of the left ventricle to
physiologic and pathologic hypertrophy is not clearly under-
stood, Meerson (I) provided evidence that cardiac efficiency
is increased in the trained athlete and that the response of
the heart to an increased load depends on the distribution
of the load over time as well as the absolute increase in
load. In greyhounds, exercise-induced hypertrophy was found
to be associated with an end-diastolic compliance similar to
that in untrained dogs of unspecified pedigree (40). How-
ever, female rats subjected to a program of intense swim-
ming demonstrated a more rapid rate of ventricular pressure
decrease (8) that was correlated with enhanced calcium
transport by isolated sarcoplasmic reticular vesicles (10, 11).
Myocardial hypertrophy secondary to exercise has also been
associated with increased actomyosin adenosine triphos-
phatase activity (9), in contrast to the decreased activity in
pathologic hypertrophy associated with chronic hemody-
namic overloading (6). Studies of animals subjected to en-
durance training showed slight or no increase in collagen
as measured by hydroxyproline concentration (41,42), and
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the abnormalities in left ventricular geometry and mass re-
turned to normal after cessation of training in both exper-
imental animals and human subjects (42 ,43). The latter find-
ings contrast with those in pathologic hypertrophy in which
cellular hypertrophy and fibrosis are largely irreversible (5) .
Previous findings, therefore , are in accord with the present
evidence that there are fundamental differences between
physiologic and pathologic hypertrophy of the heart.
Factors normalizing diastolic function in physiologic
hypertrophy. The athlete group in our study was charac-
terized by an increased left ventricular wall thickness with
a normal intemalleft ventricular diameter. If left ventricular
filling pressures are assumed to be normal in the athletes,
then according to the law of Laplace, physiologic left ven-
tricular hypertrophy would result in a decrease in the dis-
tending force on the individual muscle fibers during diastole.
Because the increased wall thickness was not associated with
impaired filling , factor s intrinsic to the myocardium are most
likely to have normalized diastolic funct ion . One such adap-
tive change could be an increase in the rate of calcium uptake
by the sarcoplasmic reticulum in the hearts of the athletes,
as has been demonstrated in exercised rats (see foregoing),
a biochemical change that could explain an acceleration in
the rate of decrease in diastolic pressure and could contribute
to the apparently normal filling rate seen in the athletes.
Clinical significance. The present study demonstrates
that the impact of left ventricular hypertrophy on the func-
tional state of the left ventricle depends on the cause of the
hypertrophy . Unlike the pathologic hypertrophy associated
with chronic hemodynamic overloading , which is accom-
panied by evidence of impaired diastolic function, the hy-
pertrophy produced by long distance running is associated
with a normal or possibly an increased rate of diastolic
filling .
We thank Carol Bartorelli, Mark Cassidy , Tom Crucetti. Jose Ruiz and
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Joanne LaMothe for secretarial assistance in preparing this manuscript.
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